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Spin-ladders are quantum magnetic systems at the crossroads between one and two dimensions that
have attracted increasing interest during the last decades due to unique properties critically dependent
on spin system topology. The first materials where spin-ladder behaviour was identified were transition
metal oxides and copper(i) halides or coordination polymers. However, since the report of the first spin-

ladder based in an organic molecule in 1997, an increasing number of molecular compounds showing
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emphasis on the possibilities offered by molecular units of different nature and crystal engineering tools
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1. Introduction

Spin-ladders are a class of low dimensional magnetic systems
that consist of a finite number of magnetically coupled spins
chains. These systems can be seen as intermediate between the
strict 1D (one dimensional) model of an isolated chain and a
layer in a 2D (two dimensional) magnetic lattice (Fig. 1) and
recently have attracted an increasing attention under the more
general context of low dimensional and topological quantum
systems.' They are particularly interesting as a result of the
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to develop new spin-ladder systems.

increased importance of the quantum mechanical effects operating
within them and their properties were found critically dependent on
the specific topology, symmetry and spin values. These effects
make the evolution of the magnetic properties from 1D chains
towards a 2D plane, not at all continuous as one could naively
predict.

Theoretical predictions and experimental verifications show
that depending on the number of interacting spin chains (legs
in the spin-ladder) quite different magnetic behaviour may be
observed."™ Antiferromagnetic (AF) coupled S = 1 spin-ladders
with an odd number of legs behave as an isolated chain with a
finite susceptibility upon approaching zero temperature and a
power-law fall off of the spin-correlations. This contrasts with
spin-ladders with an even number of legs that present a gap in
the magnetic excitations, making the susceptibility to drop
exponentially towards zero upon cooling, in a spin-liquid ground
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Fig. 1 Schematic representation of low dimensional magnetic Heisen-
berg systems with exchange coupling constants J, specifically of a 1D
chain (n = 1), two- (n = 2) and three-legged (n = 3) spin-ladder systems and
2D square lattice. White circles represent S = % spins and continuous and
dashed lines denote AF interactions of different strength.

state lacking long-range order. The even-leg ladders can be seen
as spin singlet pairs with a spin-spin correlation length along the
legs showing an exponential decay produced by the presence of a
finite spin gap. The situation is also quite different depending on
the spin values and for instance, as first pointed out by
Haldane,” a chain of integer spins presents a gap in the
magnetic excitations, as the S = 3 spin-ladder with even legs,
at variance with the S = 1 AF Heisenberg chain.

Besides the fundamental physics aspects related with these
fascinating quantum and topological effects, the interest in
spin-ladders has been also motivated by the theoretical prediction
that upon light hole doping they can become superconducting due
spin mediated hole-hole attraction."® This possibility, similar to
the cuprate oxides where the high-temperature superconductivity
arrives near an AF state, may open a new strategy for the develop-
ment of new superconducting materials.

2. Main features of spin-ladders

The two leg ladder with isotropic AF coupling constants (Heisenberg
AF spin-ladders), can be described by the following Hamiltonian:

L L
H=0 3" S Sira+ 1Y S-S (1)
i=1

a=12 i=1

where S; , are the spin operators at site i (i=1, 2, ... L) of leg a
(1, 2) of a ladder with L rungs. J; and J; are the intra- and inter-
rung exchange couplings respectively, which are positive for AF
interactions."

The magnetic properties of the spin-ladders have been
discussed considering situations of experimental interest with
intra- and interchain couplings of the same order of magnitude
(Ji = J1), that is intermediate between the extreme cases of
Ji/Jy=0andj /. =0, corresponding to isolated 1D chains and
isolated dimers, respectively, which are well understood. While
the situations close to these extreme cases, can be treated
by perturbative calculations, for the more interesting real
situations (J; = J,) there are no known exact solutions. These
situations have been discussed by exact diagonalization of
small clusters or by numerical simulations using Quantum
Monte Carlo (QMC) techniques.”” It should be kept in mind
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Fig. 2 Schematic representation of interladder couplings J'.

that in real materials the ladders are never entirely isolated and
often additional interladder couplings J' have to be taken into
account (Fig. 2). These interladder interactions, if significant,
can easily destroy the spin-liquid state promoting a 3D (three
dimensional) AF ordered state. The critical value of the ratio of
inter- to intra-ladder interactions that is capable to induce a 3D
ordered sate is estimated as of the order of J'/J, ~ 0.1.*°

The characterisation of the spin-ladder systems in a first
stage has been done mainly by analysis of the temperature and
field dependence of the magnetic susceptibility, enabling to
extract fundamental parameters such as effective exchange
couplings, /, and spin excitation gap, A.

For a two leg S = 1/2 AF ladder at low temperatures, below
the excitation gap, A, the magnetic susceptibility, yjadder, fOl-
lows an exponential decay given by the Troyer expression'!

Xladder = “T_l/z eXP(*A/kBT] (2)

where kg is the Boltzmann constant, o is a constant corres-
ponding to the dispersion of the excitation energy, and 4 is the
energy gap in the spin-excitation spectrum.

In a more extended temperature range, yjadder presents a
broad maximum at temperatures above the gap, following a
behaviour that can be approximated by the parameterization
eqn (3) given by Barnes and Riera, as a function of j; and J, :"°

=2 (@] QT o

where,
1 = Ngug’/4kg (4)

N is the Avogadro’s number, g the Landé g-factor, up the Bohr
magneton and parameters C,, C3, C4, Cs and Cg, are function of
the exchange constants J, and J;. The spin gap A can also be
estimated from the resulting values of J; and j, with the
theoretical equation'®"*

A=JL =]y +]%2 L (5)

Considering the situation J; > J of the theoretical model of Troyer
et al.,"* the coupling parameters are related with the temperature of
maximum susceptibility by the following quadratic expression:

T (Yo J J\?
Tliwa) _ 625 — 0.018352L 1 0.2532 (2L ®)
JL J Ji

The magnetic exchange coupling constants J between two radicals
can be calculated with fair approximation using sophisticated

This journal is © The Royal Society of Chemistry 2021
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first-principles quantum chemistry calculations as for instance
based on unrestricted density functional theory (DFT). However, for
comparison purposes reliable conclusions and semi quantitative
estimates can be obtained using simpler calculations methods.
According to the Hubbard model the AF exchange coupling
constant J between two radicals can be related to the ratio:

J=2U (7)

where ¢ is the transfer integral between the single occupied
molecular orbitals (SOMO) and U the on-site electron Coulomb
repulsion energy.'? The absolute values of J cannot be accurately
obtained using this equation because U, typically of the order of
1 eV for organic radicals, cannot be easily obtained in a reliable
manner. However, this equation is very useful to analyse the
relative magnitude of the different interactions J from the trans-
fer integrals ¢ that for comparison purposes can be calculated
even using simple tight-binding methods.

While the exchange coupling parameters can be obtained
from analysis of the experimental magnetisation data or from
theoretical calculations, they are not enough to characterise a
compound as a spin-ladder system. A possible 3D magnetic
ordering at low temperature due to interladder coupling inter-
actions J' and other sources for the opening of a gap in the spin
excitations must be excluded. Therefore, additional experiments
with microscopic probes such as muon spin resonance (1'SR),
nuclear magnetic resonance (NMR) or neutron scattering, are
required for determination of the exact nature of the ground
state as a spin-ladder without long range order.

Under magnetic field h an additional Zeeman energy term in
the Hamiltonian of eqn (1), —gugh-S%;, (g is the g-factor and up
the Bohr magneton), must be considered for each spin i. The
main effect of a large magnetic field is to reduce the spin gap
until a quantum critical point, at 4., separating the low field
disordered gaped state from a gap-less state, which in ladders is a
spin Luttinger-liquid with algebraically decaying spin correlations.
At a higher field, A, a second quantum critical transition is
expected to occur to a state with full polarisation of the spins
(magnetisation saturation).” In the partially polarized region
between /., and A, it has been suggested that weak interladder
coupling may easily induce at lower temperatures a 3D condensa-
tion of magnetic excitations."*™"® These effects are currently under
debate and their experimental observation is dependent on the
availability of magnetic fields large enough when compared with
the spin gaps and in practical terms has been so far restricted to
only a few compounds.™>"”

3. Realisation of spin-ladders

The spin-ladder behaviour was first described in transition
metal oxides (Cu and V)'®'®'° and copper(n) halides,>* >
although some of them like LaCuO, 5*>**° and (VO),P,0,° were
latter not confirmed as real spin-ladders as they undergo
ordering transitions at low temperatures.

Spin-ladder behaviour based on an organic species was first
identified in (DT-TTF),[Au(mnt),] (1),>” and its report stimulated

This journal is © The Royal Society of Chemistry 2021
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the search for other molecule based spin ladder-systems. In the
context of the development of new spin-ladders, the wide range
of possible chemical modifications and structural flexibility
offered by molecular chemistry, together with crystal engineering
principles, make the molecular materials very appealing, rising
the hopes for achieving a rational design of new or improved
magnetic systems. The strategy for building spin-ladders from
spin carrying molecular units can be conceptually envisaged
either by assembling magnetic chains in pairs or by assembling
chains of paramagnetic dimers as previously pointed out in early
reviews of this topic.”*° In spite of these general guiding rules,
the molecular compounds showing spin-ladder behaviour have
been obtained largely by serendipity. They include a large diver-
sity of molecular spin carrying units, from electroactive molecules
derived from TTF or transition metal bisdisdithiolene complexes,
to other organic radicals with light hetero atoms such as nitroxyls,
verdazyls and bisdithiazolyls. In a few cases the compounds are
structurally related.

Table 1 lists different molecular compounds that have been
reported with a spin-ladder behaviour and their experimentally
derived magnetic parameters.

The present review is focused on spin-ladder systems of
organic or molecular nature, where the magnetic moments are
associated with molecular orbitals, excluding other inorganic
systems where the magnetic moments are essentially localised
in metal centres such as oxides or coordination polymers,
including a large number of Cu(u) halides that have been
subject of a recent specialised review.*"

The discussion of the properties of these compounds will be
organised according to the type of spin carrying units, with
special emphasis to the compounds that are structurally closely
related, where the effects of chemical and structural modifications
in their properties can more easily be placed into evidence.

3.1. (DT-TTF),[Au(mnt),]; the first organic spin-ladder

(DT-TTF),[Au(mnt),] (1) (Scheme 1) was the first molecular
material reported with a spin-ladder behaviour entirely due to
the organic units, DT-TTF (dithiophene tetrathiafulvalene), a
derivative of the organic donor TTF (tetrathiafulvalene).>” This
compound was the subject of detailed studies using different
techniques that are summarised in this section, confirming it
as a spin-ladder system. The discovery of spin-ladder behaviour
in 1 stimulated the search and discovery of several closely
related compounds also with spin-ladder behaviour which are
described in the next section.

The crystal structure of 1 consists in chains of donor
molecules and chains of diamagnetic anions both regularly
stacked along the b axis (Fig. 3).”” The donor and anion chains
alternate in the (a, c¢) plane in such a way that donor chains are
arranged in tightly connected pairs, surrounded by chains of
anions and only loosely connected to other pairs of donor
chains.

The two donor chains in a pair are related by a screw axis
and connected by several short S---S contacts, below the sum
of the van der Waals radii (Fig. 3b). While the anions are
diamagnetic closed shell species, the stoichiometry imposes
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Table 1 Experimental spin-ladder parameters in different compounds
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Compound Jilks (K) Jilks (K) July Alkg (K) Ref.
(DT-TTF),[Au(mnt),] (1) 82 142 1.73 78 27
(DT-TTF),[Au(i-mnt),] (2) 86 142 1.65 71 37
(DT-TTF),[Cu(mnt),] (3) 121 218 1.75 123 37
(0-DT-TTF),[Au(mnt),] (4) 54 100 1.85 68 43
(0-DT-TTF),[Au(i-mnt),] (5) 83 110 1.33 58 39
(BEDT-TTF)Zn(SCN);(6) 966° 86.4 (5.2)° 0.09" 340 48
(BEDT-TTF)[Co(mnt),] (7) 437; 223° 67 (5); 2.6 (0.06)° 0.30; 0.01° 250 50
[Cp,Mo(dmid)][TCNQF,] (8) 40.7 106.8 2.62 74 52
[Cp,W(dmid)][TCNQF,] (9) 15.6 23.4 1.50 13 52
[Cp,W(dmit)|[TCNQF,] (10) — — — 40 52
[Cp,W(dsit)][AsFe] (11) 90 165 1.83 89 53
p-EPYNN [Ni(dmit),] (12) — — — 940 55
[4'-CF5-BzPy][Ni(dmit),] (13) 86 782 9.09 701 59
[4'-CF;-BzPz][Ni(dmit),] (14) 19 543 28.58 524 59
[Ph(NH;)](18-crown-6) [Ni(dmit),] (15) 20 200 10 190 62
(HMPD)([18]crown-6) [Ni(dmit),] (16) 10.2 102 10 92.5 61
Liy([18]crown-6); [Ni(dmit)2],(H,0), (17) 185(5) 631(5) 3.41 473 64
Li,([15]crown-5); [Ni(dmit),],(H,0), (18) 109(5) 517(4) 4.74 420 64
F-Bu-bisdithiazolyl (19) 94.96 24.46 0.26 11.51 72
F-Pn-bisdithiazolyl (20) 37.41 37.41 1 18.15 72
F-Hx-bisdithiazolyl (21) 82.01 18.70 0.23 7.63 72
BIP-BNO (22) 25 67 2.68 47 74
BIP-TENO (23) — — — 15.6 74
3-Cl-4-F-V (24) —13.3 7.3 —0.55 1.1 85
31V (25) -11.6 5.8 —0.50 0.5 85
3-Br-4-F-V (26) —8.3 12.5 —-1.5 6.9 85

“ Theoretical estimative.

NC s s N NC g s CN
\ 7/ N oz
I M I Au
/N > iS/ \S> <
ne” S ST NGy NC oN

[M(mnt),] [Au(i-mnt),]

5. s S-S ~S S
(LX) =<1
BEDT-TTF TTDM-TTF
~ S S~ S S S A
L~ L=
DT-TTF a- DT-TTF
~S S-S
L~

ETT-TTF

Scheme 1 Molecular building blocks of TTF based spin-ladders.

that the donors are partially oxidised, in average as (DT-TTF)%**,

the paramagnetic properties of this compound (Fig. 4) being
therefore entirely due to the unpaired electrons in the organic
donor chains.

In the structure of 1 there are 3 types of interdonor contacts
associated with distinct highest occupied molecular orbital
(HOMO) intermolecular interactions; the largest one estimated
as t; ~ 36 meV along the stacks, due to the n—r overlap of donor
orbitals; ¢, ~ 21 meV between molecules in paired chains
associated with short S- - -S contacts and the smallest one t; ~
6 meV which, through the terminal S atom, connects molecules
in two different pairs of chains.”” The modest magnitude of ¢,
when compared with typical molecular conductors with metallic
properties, suggests the partially oxidized unpaired electrons in
donor chains are localized due to significant electron repulsion

10576 | J Mater. Chem. C, 2021, 9,10573-10590

Fig. 3 Crystal structure of (DT-TTF),[Au(mnt),] (1): (a) view along the
stacking axis b; (b) partial view of layers of neighbouring donor and
acceptor chains along their molecular chain axis.

interactions, in agreement with the thermally activated semi-
conducting regime of the electrical conductivity with 8 S/cm
at room temperature (Fig. 4).>”*> This localized regime of
electrons in the donor chains is also confirmed by pressure
studies of the electrical resistivity showing that a metallic

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Electrical resistivity p of (DT-TTF),[Au(mnt),] (1) as a function of the

reciprocal temperature (left) and its first derivative, dinp/dT~* (right).
Reproduced with permission from ref. 27. Copyright 1997 Wiley-VCH.

regime is only achieved at pressures above x~15 Kbar, when
increased interactions and associated bandwidth can overcome
the electronic repulsion energy.>* The activation energy of the
conductivity at ambient pressure is not constant and presents a
broad maximum around 220 K (Fig. 4). X-ray diffraction experi-
ments have shown that this anomaly at ~220 K is associated
with the enhancing and sharpening of diffuse scattering planes
centered at 0.5 b*, ascribed to a dimerization of the donor
chains, at a local scale and without long range order (Fig. 5). The
average domains size of the chain dimerization, estimated from
the width of the diffuse scattering planes, increases upon cooling
from room temperature, saturating below 180 K at about 150 A
(i.e. 40b) as shown in (Fig. 6).>”

Therefore, dimer units (DT-TTF),*" were identified as spin
carrying units in this ladder structure of 1. Although initially
not clear the detailed microscopic mechanism of this dimerisation,
infrared spectroscopy studies show a splitting of several donor
vibration modes below 220 K,** suggesting that the dimerization
could be associated with donor charge disproportionation. This was
later confirmed to be the case in the Cu analogue by the determina-
tion of the crystal structure at low temperature (vide next section).

0.064
0.054
T 0.041 3
< 22 2
S 003 250
%: { =———resolution S \ 15K
$ 0024 £ 2 [ |
0.01 g ;"\,
VA g 10 LA ey P,
0 OO © 03 04 05 06 0.7 b*
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T/K

Fig. 5 Thermal dependence of the HWHM along the b axis of the 1/2b*
diffuse lines of 1. The inset shows the profile along b* of such a line.
Reproduced with permission from ref. 27. Copyright 1997 Wiley-VCH.
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Fig. 6 Temperature dependence of the paramagnetic susceptibility of
(DT-TTF)2[Au(mnt),] (). The solid line is the fit with egn (3). Inset shows the
temperature dependence of paramagnetic susceptibility measured by ESR
on a single crystal. Reproduced with permission from ref. 27. Copyright
1997 Wiley-VCH.

The ESR spectrum consists in a single line with average g-
value close to that of the cation radical [DT-TTF]" in solution
and the spin susceptibility obtained by integration of EPR
signal, follows the same temperature dependence as the static
paramagnetic susceptibility (Fig. 6) confirming that the para-
magnetic properties of 1 are entirely due to the organic donors.
Besides a Curie tail corresponding to about 2% of S = 1
impurities or defects, the paramagnetic susceptibility presents
a typical spin-ladder behaviour with a maximum at about 70 K
and an exponential decrease towards zero upon cooling at
lower temperatures. The susceptibility data in the range 8 to
45 K could be fitted by eqn (2), with a gap 4 = 78 K, and the data
up to room temperature was fitted by eqn (3) with J | /kg = 142 K
and J,/kg = 83 K.*’

Zero-field and longitudinal field p"SR measurements as a
function of temperature were performed confirming the absence
of magnetic order down to 85 mK, thus supporting its description
of 1 as a two-leg spin-ladder with a quantum spin-liquid ground
state, despite the small ladder-ladder interactions.>®

3.2. Spin-ladders derived from (DT-TTF),[Au(mnt),]

Soon after the report of 1 as the first organic spin-ladder
compound, a comprehensive exploration of related compounds,
based on modifications of either the donor or anions was
undertaken.’>*%%” As a result, several closely related compounds
with donor ladder structure were obtained, thus originating a
relatively large family of isostructural or closely related spin-
ladder compounds. The comparison of the compounds in this
family provides useful insights on how the spin-ladder properties
are controlled by different key molecular and crystalline struc-
tural effects.

In a first strategy to obtain new spin-ladder compounds
a large number of diamagnetic monoanionic transition metal
(Au and Cu) bisdithiolene complexes, with similar ligands, were
considered as substitutes for [Au(mnt),]. However, it was found
that unless the complexes were very closely related and with
comparable size, completely different structures were obtained.

J. Mater. Chem. C, 2021, 9,10573-10590 | 10577
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Compounds isostructural to 1, with donor arranged in paired
stacks, could be obtained only with the quite similar anions
[Cu(mnt),]” and [Au(i-mnt),]”. These anions are known to be
not very stable in solution and both (DT-TTF),[Au(i-mnt),] (2)
and (DT-TTF),[Cu(mnt),] (3) were obtained as single crystals
by electrocrystallisation from the corresponding tetrabutyl-
ammonium anion salts, only in small amounts.*’

(DT-TTF),[Au(i-mnt),] (2) was obtained as a minority phase
among two other compounds with a different Au(1) dimeric core
anion generated in situ, (DT-TTF)o[Au,(i-mnt),], and (DT-TTF),-
[Au,(i-mnt),]. (DT-TTF),[Cu(mnt),] (3) was often obtained together
with fully ionic salt (DT-TTF)[Cu(mnt),].*>” Due to these difficulties
in obtaining single phase material in large amount, magnetic
susceptibility of 2 could be determined only by integration of
ESR signal. Its temperature dependence follows a spin ladder
behaviour identical to that of the [Au(mnt),] analogue, with the
parameters A/kg = 71 K, J/kg = 86 K and J, /kg = 142 K almost
identical to those of (DT-TTF),[Au(mnt),], which is not surprising
in view of the very similar crystal structure with virtually identical
interdonor distances.?”

Reliable magnetic susceptibility data for 3, could be obtained
only by EPR and found to follow a similar spin-ladder behaviour,
but with slightly larger parameters 4/kg = 123 K, J;/kg = 121 K and
J1/kg =218 K. The larger magnetic exchange coupling parameters
in the Cu compound result from a tighter packing of the donors
as consequence of the smaller size of the anion.

An important characteristic of the Cu compound 3 com-
pared with the Au analogue 1 is a sharper transition at 235 K,
seen in electrical resistivity as a sharp maximum in d In p/d7T .
This transition was found to be associated with the appearance
of weak but sharp X-ray diffraction spots corresponding to a
lattice doubling along the chain axis » with 3D long range
order. This situation contrasts with the diffuse lines observed
in the Au analogue bellow a broader transition centered at
220 K. The superlattice spots in the Cu compound are sharp but
rather weak, they were first observed in a sensitive experimental
set up to study diffuse scattering®® but could not be detected
with standard laboratory diffractometers even using long mea-
suring time. However, using synchrotron radiation at ESRF they
are clearly visible in very small crystals below 235 K allowing to
collect a full diffraction data set and to solve the superstructure
at 120 K.*° This low temperature superstructure is triclinic,
space group P1, with doubling of the lattice parameter b along
the stacks and loss of the screw axis relating the paired donor
chains. This doubling is due to a charge ordering scheme with
alternating neutral and charged molecules, as denoted by the
donor bond lengths, along the chain axis b (Fig. 7c). This
ordering scheme is a realization of the Bond-Charge-Density
Wave broken symmetry state previously suggested for 1 filled
zig-zag ladders’® and in agreement with previous infra-red
spectroscopy studies suggesting charge ordering in this
compound*' as well as in the Au analogue.** It entirely rules
out the possible alternative dimerisation arrangement based on
a bond ordering scheme (Fig. 7b). The charge ordering scheme
also explains why the ladders in this family of compounds are
of strong rung type; J , is an interaction between spins localised
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Fig. 7 Representation of a pair of donor stacks in 3; (a) connected by a
screw axis and possible: bond ordering (b) and charge ordering (c) schemes
for doubling of the stacking lattice parameter. Adapted with permission
from ref. 39. Copyright 2015 American Chemical Society.

in nearby molecules while Jis an interaction between spin
centers separated by neutral molecules.

In a second strategy for the search of new spin-ladder systems
different thiophenic derivatives of TTF such as TTDM-TTF
(thiophenothiodimethylene-tetrathiafulvalene), ETT-TTF (ethylene-
thiothiophene-tetrathiafulvalene) and o-DT-TTF (alpha-dithiophene-
tetrathiafulvalene), were also considered as a replacement for
DT-TTF in the previous compounds (Scheme 1). While a com-
pletely different structure was obtained combining TTDM-TTF
with [Au(mnt),],** ladder structures identical to that of 1, were
obtained with ETT-TTF and o-DT-TTF. As these donors have a
lower symmetry than DT-TTF, in their crystal structures, they were
always found with an orientation disorder, seen as a disorder in
the thiophenic S atom that appears randomly distributed over two
positions. The consequences of this disorder are however quite
different in (ETT-TTF),[Au(mnt),],>” (0-DT-TTF),[Au(mnt),] (4)*
and (o-DT-TTF),[Au(i-mnt),] (5)*° despite their identical crystal
structures. The magnetic properties of (ETT-TTF),[Au(mnt),], do
not follow the known spin-ladder behaviour but instead a Curie
Weiss behaviour,*® and the electrical conductivity is about one
order of magnitude lower than the DT-TTF analogue. On the other
hand, 4 presents a spin-ladder behaviour comparable to the
previously described in DT-TTF salts.** The reason for the different
behaviour in these salts can be understood as resulting from the
different contribution of the thiophenic sulphur atom to the
HOMO in ETT-TTF and o-DT-TTF. As shown in Fig. 8 in o-DT-
TTF the HOMO presents nodes over the thiophenic S atoms, at
variance with ETT-TTF where these S atoms present a significant
contribution to the HOMO. This explains why the same type of
orientation disorder between neighbouring molecules can give
rise to either weakly disorder or strongly disorder effects in the
spin-ladder.

B0} 0ege

ETT-TTF a-DT-TTF

Fig. 8 HOMO schematic representation for ETT-TTF and o-DT-TTF.
Reproduced with permission from ref. 43. Copyright 2013 American Chemical
Society.
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In the search for other related spin-ladder compounds it was
also used the [Co(mnt),] anion that is known to form diamagnetic
dimers [Co(mnt),],>.**** Its combination with DT-TTF failed to
yield well crystallized materials,*® but by combination with o-DT-
TTF it was obtained the salt (a-DT-TTF),[Co(mnt),] with donors
arranged also in a ladder structure but of a different type as shown
in Fig. 9. This structure is triclinic, space group P1, where pairs of
donor stacks, alternate with stacks of dimerized [Co(mnt),] anions.
However, the donor molecules are not connected by a screw axis
and present a different tilting towards the stacking axis a, being
almost perpendicular (Fig. 9b) with a different overlap mode. The Co
atom appears disordered in two closely spaced positions indicating
that the structure is an average resulting from the superposition of
two possible ways of forming dimers [Co(mnt),],>~ (Fig. 9c),
with a geometry comparable to that observed in an identical
average structure of uncorrelated dimerized chains**** or iso-
lated dimers.*® Each anion column is surrounded by six donor
columns and there are 8 short donor-acceptor contacts (N- - -S,
N---H, S---S) between each anion. The dimerization phase of
[Co(mnt),],>" stacks appears however uncorrelated in the b,c plane.

Despite the donor ladder structure, the magnetic susceptibility
of this compound does not presents a spin-ladder behaviour. This
is ascribed to disorder effects induced by the uncorrelated
dimerised anionic chains, which present several short contacts
with the donors.

a)

b)

a Average anb b

Fig. 9 Crystal structure of (a-DT-TTF),[Co(mnt),]: (a) views along the
stacking axis; (b) partial views of layers of neighbouring donor and
acceptor chains along the molecular chain axis a; (c) different dimerization
phases of [Co(mnt),l, stacks (patterns a and b) whose overlap leads to
the average structure observed. Adapted with permission from ref. 39.
Copyright 2015 American Chemical Society.
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As a summary the search for new spin-ladder systems
among derivatives of (DT-TTF),[Au(mnt),] was successful but
limited to a very narrow range of derivatives based on very
identical anions ([Au(mnt),], [Cu(mnt),] and [Au(i-mnt),]) or
quite similar donors (DT-TTF and o-DT-TTF). Some combinations
afforded salts with related double chain arrangement of the
donors, which however failed to display spin-ladder behaviour
due to strong disorder effects, either in the donors (ETT-TTF) or
in the anions ([Co(mnt),]). The salts of o-DT-TTF provided an
interesting example of a weakly disordered spin-ladder system.

The attempts to dope these spin-ladder compounds with
diamagnetic anions, which could create holes in the ladders,
has been so far unsuccessful, and the doping with paramagnetic
anions ([Ni(mnt),]”) and ([Pt(mnt),]”) promoted the formation
of completely different structures.*’

3.3. Spin-ladders based on other TTF derivatives (BEDT-TTF)

BEDT-TTF (bis(ethylenedithio)-tetrathiafulvalene, Scheme 1) is
probably the most prolific TTF derivative, giving rise to several
stacked structures with interesting electronic properties in a
large a diversity of ground states. The large number of sulfur
atoms in the molecular periphery enables the establishment of
significant intermolecular interactions through S---S contacts
and when the donors in the solid state are partially oxidized,
highly conducting systems with large bandwidths can be obtained.
When the donor is fully oxidized to a radical species (BEDT-TTF)*"
it carries a spin and its ionic salts as a rule are Mott insulators.

Spin-ladder behaviour based on coupled (BEDT-TTF)*" chains
was reported in the salts (BEDT-TTF) [Zn(SCN);] (6)***° and
(BEDT-TTF) [Co(mnt),] (7).>° In both salts the fully oxidized donor
molecules (BEDT-TTF)*" are arranged in similar regular chains of
molecules, coupled in pairs by side S- - -S contacts and separated
by diamagnetic anions [Zn(SCN);]~ and [Co(mnt-),]” as shown in
Fig. 10. Their electrical conductivity is small and thermally
activated, denoting localisation due to a Mott insulating regime
typical of fully ionic salts.

In the crystal structure of 6 there are four type of donor-donor
interactions as shown in (Fig. 10a). Based on extended-Hiickel
calculation and assuming an on-site repulsion parameter U =~ 1 eV
the authors could estimate the associated exchange interactions,
labelled in (Fig. 10a). The largest one along the chains was
estimated as Ji/kg = 966 K, two interchain interactions estimated
as J,/kg = 5.2 K and J5/kg = 86.4 K, and a much weaker one between
dimers J,/kg = 0.09 K. As the dominant magnetic interaction is in
the stack direction, with interchain interactions one order of
magnitude smaller, this compound should be regarded as a
weakly-coupled spin-ladder (J; > J,).*®

From the exponential increase of the susceptibility of 6
above 100 K using eqn (2), it could be extracted a spin-gap 4/
kg = 340 K. The absence of magnetisation data in a more
extended temperature range above 300 K did not allowed the
determination of the effective ladder parameters (J, /), but
the exponential decay of the susceptibility below 300 K pro-
vided for the first-time evidence for the existence of spin-gap in
a situation close to the weak-coupling limit of 1D AF chains
(JLJ; = 0.1)."® In this regard it is worth mentioning that early
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Fig. 10 Crystal structures of (BEDT-TTF)[Zn(SCN)s] (6) (a) and (BEDT-
TTR)[Co(mnt),] (7) (b) viewed along the molecular long axis of BEDT-TTF
(top) and viewed along the stacking axis (bottom). Adapted with permission
from ref. 48 and 50. Copyright 1997 Elsevier Science Ltd. Copyright 2004
Elsevier B.V.

models suggested that the spin gap would vanish bellow a
critical value of /| = 0.4” but latter it was established that it
exists for all non-zero values ofjl/]H.8

The crystal structure of 7 presents two crystallographic
distinct pairs of donor chains (Fig. 10b), both similar to the
one in (BEDT-TTF)Zn(SCN);. As in the Zn compound there are 4
interdonor interactions for each pair of chains denoted as c, p
and ¢ in (Fig. 10b). As the two pairs of chains are not equivalent
the intermolecular interactions are expected to be also slightly
different in the two chains, but the calculated values present
similar relative magnitudes, comparable to the Zn compound,
with the largest interaction being along the chains and much
smaller interchain interactions. From the exponential decrease
of the susceptibility below room temperature, a spin gap of
250 K could be extracted by fitting to eqn (2).”°

3.4. Spin-ladders based on dithiolene complexes

Transition metal bisdithiolene complexes are inorganic analogues
of TTF, where the metal replaces the central C—C bond. They
share the same type of delocalized frontier orbitals and present
different oxidation states that can be easily accessible. [M(dmit),]
(Scheme 2) with several S atoms in the periphery, being able to
establish multiple interactions in the solid state, is one of the most
explored transition metal bisdithiolene complexes as building
blocks for electronic materials. Both homoleptic and heteroleptic
dithiolene complexes, based in dmit derivatives (Scheme 2), have
been reported as spin carrying units in molecular spin-ladders.
3.4.1. Heteroleptic dithiolene complexes. One group of
spin-ladders based on heteroleptic dithiolene complexes was found
in some members of a large family of compounds described by
Fourmigué et al.”" The charge transfer complexes reported with
spin-ladder behaviour are based on flexible organometallic
ciclopentadienil (Cp) dithiolene complexes of Mo and W, as
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Scheme 2 Molecular building blocks of dithiolene based spin-ladders.

donors, with the strong electron acceptor TCNQF,>* or AsFg~
anions®® (Scheme 2).

In these salts the radical anion TCNQF,*” is dimerised into
diamagnetic units [TCNQF,],>~ and the paramagnetic proper-
ties are only due to the cationic complexes [Cp,M(dithiolene),]"
where the unpaired electron depending on the metal, can be
more or less delocalized over the entire dithiolene ligand. n-n
interactions between the ligands promote the formation of head to
tail radical dimers in the solid state structure of these compounds,
with minor variations depending on the ligand type.>*

The compounds [Cp,M(dmid)] [TCNQF,] with M = Mo (8) and
W (9), are isostructural and as shown in Fig. 11 the interacting
pairs of [Cp,M(dmid),] constitute rungs of a ladder that
propagates along c¢ axis with short S---S contacts and the
ladders are well separated by diamagnetic anionic pairs
[TCNQF,4],>~.>> Although not isostructural the compound
[Cp,W(dsit),|[AsFe] (11) presents a similar packing pattern with
identical ladders.”®

The magnetic parameters obtained from the fit of eqn (2), (3)
and (5) to the experimental data are listed in Table 1, char-
acterizing these compounds as strong-rail spin-ladders. The
larger coupling parameters in the [Cp,Mo(dmid),] complex, when
compared with the isostructural W analogue, is a consequence of
the larger ligand contribution to the SOMO.

Fig. 11 Crystal structure of [Cp,Mo(dmid)I[TCNQF,] (8): (a) viewed along
c and (b) ladder structure formed by the S = 1 cations. Adapted with
permission from ref. 52. Copyright 1998 Wiley-VCH.
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Fig. 12 Representation of the solid-state organization of the [Cp,W(dmit)]
radical cations in [Cp,W(dmit)][TCNQF,] (10). Dotted lines are intra-dimer
and inter-dimer interaction. Reproduced with permission from ref. 52.
Copyright 1998 Wiley-VCH.

Another type of dimer association is observed in [Cp,W(dmit)]-
[TCNQF,] (10)** with the organometallic cations not in a face-to-
face arrangement as observed for the previous structures, but
instead laterally displaced (Fig. 12), with short dmit/dmit inter-
molecular contacts. These dimers interact with each other only
through dmit/Cp interactions along the TCNQF, stacking axis q,
giving rise to a slightly different ladder motif (Fig. 12). From the
susceptibility data authors could deduce a spin gap value of 40 K.*>

3.4.2. Bisdithiolene complexes. The n-radical anion [Ni(dmit),]™
has been at the basis of at least four types of spin-ladder systems.
Due to its capability to establish strong n-m interactions, all the
compounds based on this anion can be viewed as assemblies of
strong dimers of [Ni(dmit),]” and the corresponding spin-ladders
are characterised as strong rung ladders and with large spin gaps.

The first [Ni(dmit),]” based spin-ladder system was the
compound p-EPYNN[Ni(dmit),] (12) (Scheme 2) reported by Imai
et al.,>>° where the cation is an organic radical species. Its crystal
structure comprises two kinds of 1D chains parallel to ¢ axis; almost
planar p-EPYNN" cations side-by-side and dimers of [Ni(dmit),] with
an interplanar distance of 3.73 A (Fig. 13). By comparison with the
analogous compound based on the diamagnetic anion [Au(dmit),]
it was established® that the p-EPYNN contribution to the
susceptibility can be described by a model of a 1D chain with
weak ferromagnetic interactions, and it was considered inde-
pendent of the [Ni(dmit),] ladder contribution.

In view of the structure of complex 12 (Fig. 13) being composed
of closely spaced metal over metal dimers it is expected that
J1 > J; and indeed intermolecular transfer integrals estimated
from extended Hiickel calculations of the orbital overlaps indicate
that J, /J; ~ 10, placing this compound near a very extreme
situation of isolated dimers. However, the ladder model (eqn (2))
gave a better fit than the dimer model to the [Ni(dmit),] contribu-
tion, and the authors were able to extract a spin gap of 940 K by a fit
to eqn (2) (Fig. 14). The lack of susceptibility data at higher
temperatures, near or above the spin gap, did not enable the
authors to obtain values for the ladder parameters j; and J, .>*

Compound 12 was at the basis of a study of the effect of non-
magnetic impurities in a spin-ladder by doping with diamagnetic
anions. It was possible to prepare solid solutions p-EPYNN

This journal is © The Royal Society of Chemistry 2021

Fig. 13 Crystal structure of p-EPYNNI[Ni(dmit),] (12): (a) view along the
p-EPYNN long axis and (b) view perpendicular to the [Ni({dmit),] anions.
Adapted with permission from ref. 54. Copyright 2001 The Physical Society
of Japan.

[Ni(dmit),];—[Au(dmit),], with x up to 0.5.°® The magnetic
susceptibility measurements show that the doping results in an
increase of the Curie contribution of defects in the ladder and
an enhancement of AF behaviour of p-EPYNN.>*>®

Spin-ladder behaviour was also recently described in two
isostructural compounds based on [Ni(dmit),]” with benzyl-
pyridinium (13) and benzylpyrazinium (14) cations (1-N-(4'-
trifluoromethylbenzyl) pyridinium and 1-N-(4’-trifluoromethyl
benzyl)pyrazinium, Scheme 2).>°

These complexes crystallize in monoclinic space group P1
with very similar cell parameters and packing patterns as shown
in Fig. 15. The planar [Ni(dmit),]” monoanions form face-to-face
n-type dimers, and these dimers are aligned side by side into a
ladder-type arrangement via lateral-to-lateral S- - -S contacts along
b axis.”®

Compounds 13 and 14 exhibit similar magnetic properties
and their magnetic susceptibility could be fitted to a Heisenberg
AF two-leg spin ladder model (eqn (3)) in the high-temperature
region and were reproduced well by the Troyer expression
(eqn (2)) in low-temperature region. The J; and J, parameters
obtained by fitting to experimental magnetic susceptibility data
gave values of respectively 86 K, 782 K for 13 and 19 K, 543 K for
14 which by eqn (5) are indicative of gaps of 701 and 524 K
respectively, in fair agreement with the gap values of 657 and
537 K obtained by fit of eqn (2) to the low temperature
exponential decay of susceptibility.>®

A similar spin-ladder behaviour has been also observed in
other [Ni(dmit),]~ salts (15-18) with amine®*™®* or lithium®*®
cations encapsulated by crown ethers (Scheme 2), which have
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Fig. 14 Temperature dependence of the paramagnetic susceptibility (i)
of p-EPYNNI[Au(dmit),] (top) and p-EPYNNI[Ni(dmit),] (12) (bottom). The
solid lines are the theoretical fit using equations in the text. The thick and
bright regions in the bottom represent the contribution from p-EPYNN
and Ni(dmit),, respectively. The broken line in bottom is the trial best
fit using a simple dimer model. Adapted with permission from ref. 57.
Copyright 1999 American Chemical Society.

Fig. 15 Crystal structure of [4'-CF5-BzPyl[Ni(dmit),] (13). (a) Viewed along
b axis which shows a chair type cation dimer. (b) Anion chain formed via
lateral-to-lateral S- - -S contacts and (c) anion ladder type with a representation
of the ladder legs and rungs.>®
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Fig. 16 Crystal structure of (HMPD)([18]crown-6)[Ni({dmit),] (16). (a) Unit
cell viewed along the a axis. (b) [Ni({dmit),]~ anion arrangement within the ac
plane. Three types of intermolecular interactions (t;—ts) were observed.®*

been studied also because of the ionic conductivity associated
with supramolecular cations.®®

These salts present the previously mentioned type of ladder
structure based in face-to-face n-type dimers of [Ni(dmit),]”
anions, with some minor differences. [Ph(NHj3)](18-crown-6)
[Ni(dmit),] (15) and (HMPD)([18]crown-6) [Ni(dmit),] (16) are
isostructural and the ladders are formed by repeating the
dimers along the long axis of the anions [Ni(dmit),], the rails
of the ladder being associated with contacts between terminal S
atoms (Fig. 16).

In Li,([18]crown-6); [Ni(dmit),],(H,O), (17) and Li,([15]crown-5);
[Ni(dmit),],(H,O), (18) a slightly different pattern is observed with
dimers repeating in chains by lateral S- - -S contacts (Fig. 17).

The ladder magnetic parameters obtained are listed in Table 1.

In all cases because of the large intradimer interaction,
associated with face-to-face n-m overlap of the anions, these
compounds are characterised by strong rung interactions.

H20 \

c)

. FEH L

Supramolecular cation units

Fig. 17 Crystal structures of salt Li,([18]crown-6)s[Ni(dmit),]>(H,0)4 (17)
viewed along the (a) a axis and (b) b axis. (c) Arrangement of supramole-
cular cation units ([18]crown-6, Li*, and water molecules) that adopt an ion
channel configuration. Reproduced with permission from ref. 64. Copy-
right 2018 American Chemical Society.
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In an attempt to induce ferromagnetic ordering upon doping
with diamagnetic impurities, the compound [Ph(NH;)](18-crown-6)
[Ni(dmit),] (15) was doped with the diamagnetic anions [Au(dmit),]
and it was possible to prepare solid solutions [Ph(NH;)](18-crown-
6)[Ni(dmit),]; _,) [Au(dmit),], in an extended range of composition.
However, no AF order was found and the properties were of a spin-
ladder with increasing contribution of paramagnetic impurities/
defects and decrease spin-gap upon doping.®”®®

3.5. Spin-ladders based on light heteroatom radicals

The last type of spin carrying units to be considered are neutral
organic radicals based on light heteroatoms (N, O), such as
nitroxyl, verdazyl and bisdithiazolyl derivatives (Scheme 3). These
types of radicals are among the first building blocks employed to
prepare magnetic materials based on organic molecules, namely
P-NPNN (p-nitrophenyl a-nitronyl nitroxide) which provided the
first well characterised organic crystal exhibiting bulk ferro-
magnetic order bellow 0.6 K°>”° or canted ferromagnets. These
radicals tend to have the spin density essentially localised in
heteroatoms (e.g. the nitroxide groups) and unless the SOMO is
well delocalised they may present rather weak exchange inter-
actions, often below 1 K.”*

The largest magnetic interactions in light heteroatom radical
compounds are found in bisdithiazolyl radicals which are planar
molecules with more extended and delocalised SOMOs in planar
molecules.

3.5.1. Bisdithiazolyl based spin-ladders. In a series of fluor-
R-bisdithiazolyl radicals functionalised with long alkyl chains
of different size, for R = butyl (Bu, 19), pentyl (Pn, 20) and hexyl
(Hx, 21), the radicals were found be isostructural, all displaying
a typical spin-ladder behaviour.”?

The crystal structure of these 3 compounds, as shown in Fig. 18,
consists of pairs of radical m-stacks, locked together by strong
intermolecular F- - -S interactions to create spin-ladder arrays.

In these compounds the rungs of the spin-ladder are asso-
ciated to the slipped n-stack alignment of radicals with close
S- - -S contacts and along the b axis, separating the ladders from
each other, are the long chain alkyl substituents (R). Along a
there are some interlader contacts associated with small inter-
actions as discussed below.

Brz% Xzz% Qm 0
A # AL L,

BIP-BNO BIP-TENO
3-Cl-4-F-V, R,=F; R,=Cl
o R 3-Br-4-F-V, R =F; R,=Br
* - N . 3-1-V, R =H; R=I
N\ +O /N\ N\ 1 2
N\\ S‘ | /S
N o} STy S
V.
o F
p-NPNN Fluor-R-Bisdithiazolyl

R=Bu, Pn, Hx

Scheme 3 Light heteroatom radicals.
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Fig. 18 (a) Bisdithiazoly! radical intermolecular S- - -F contacts (supramo-
lecular synthons) that lock radicals laterally into centrosymmetic pairs.
(b) Pairwise exchange interactions Jy, Jp, Js, Ja, and J.. (c) In the top,
slippage of adjacent radicals in 19-21 along the n-stacks in local coordi-
nates x and y. In the bottom the ladder-like packing and contacts d (S- - -S)
and d, (F---S) connecting paired stacks. For clarity, the alkyl chains have
been truncated after C2. Adapted with permission from ref. 72. Copyright
2013 American Chemical Society.

The experimental magnetic susceptibility data for these
three compounds could be well fit to a strong leg spin-ladder
model. This fit reveals that in 19 and 21 AF exchange interactions
along the ladder legs are significantly stronger than those along
the rungs, while in 20 they are approximately equal. The
magnetic behaviour of these compounds was explored with
broken-symmetry Density Functional Theory (DFT) calculations
of individual pairwise exchange energies identified in Fig. 18b.”>

The calculations confirmed that strong AF interactions are
present in the ladder legs and rungs, with only very weak magnetic
exchange between the ladders, (Table 2). The major variations
observed in the exchange parameters concern mainly J. (J)),
associated to small changes in the molecular overlap mode, induced
by the steric constrains of the substituent R of different size.”

3.5.2. Nitroxyl based spin-ladders. Spin-ladder behaviour
has been described also in the interesting group of organic nitroxyl
polyradicals BIP-BNO (3,5-bis(N-tert-butylaminoxyl)-3’,5-dibromo-
biphenyl), (22) and BIP-TENO (3,3’,5,5-tetrakis(N-tert-butylamin-
oxyl)biphenyl), (23) (Scheme 3).”® In these polyradical molecules

Table 2 UB3LYP/6-31G(d,p) exchange parameters (K) for compounds
19-21. Negative values are ferromagnetic interactions’?

Compound 19 20 21

Trlks 48.53 13.09 45.11
Jalks 72.47 66.85 94.80
Jolks —0.63 —0.12 —0.27
Jslks —4.45 -1.19 —2.03
Jalks —4.33 2.09 —2.96
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the S = 1/2 spin is due to unpaired electrons localized essentially
in the NO groups, interacting intramolecularly through bonds as
well as through space between neighbouring molecules. In 22 the
two NO radicals of the molecule have an AF interaction across the
diagonal of the molecule, while the four NO radicals in BIP-TENO
have AF interactions between NO groups in opposite sides of the
molecule, and ferromagnetic interaction between the two closest
NO groups in the same side.

The crystal structure of 22 is monoclinic, space group C2/c,
as shown in Fig. 19 and it presents chains of molecules slip-
stacked along c¢. It is important to note that the BIP-BNO
molecule has a twofold symmetry and the two NO groups are
crystallographically equivalent. The intermolecular O---N dis-
tance is 4.654(6) A.”

Thus, from the crystal structure, 22 can be considered as a
two-leg spin-ladder with intramolecular rung interactions (/)
and intermolecular rail interactions (J;). The temperature
dependence of the paramagnetic susceptibility could be fit by a
ladder model with J, /kg = 72 K and J/kg = 17 K and a fit of the
data below 25 K to eqn (2) indicate an excitation gap 4 = 47 K.”>"*

The crystal structure of 23 is orthorhombic, space group
Ppen, as shown in Fig. 20.”> The BIP-TENO molecules have a
twofold symmetry and are arranged as regular stacks along ¢
with the overlap mode shown in (Fig. 20a). The four spin
centers (NO groups) in each in BIP-TENO molecule give rise to
a more complex network of magnetic interactions and several
intermolecular pair interactions must be considered. The tetra-
radical BIP-TENO is considered a dimer of the biradical BNO (1,3-
bis(N-tert-butylaminoxyl)benzene) where the two radical centers
in meta position are known to be strongly ferromagnetic coupled
(J/ks ~ 600 K)”® and therefore a ferromagnetic interaction of

Fig. 19 (a) Crystal structure of BIP-BNO (22) viewed along the b axis. The
two NO groups N;O; and N;'-N;’O’; are crystallographically equivalent.
Dotted lines denote N---O intermolecular contact. The tert-butyl groups
are omitted for clarity. (b) Magnetic model of BIP-BNO. Open circles, J |
and J; correspond to S = % spins, intramolecular and intermolecular
exchange couplings, respectively. Adapted with permission from ref. 73.
Copyright 2001 The Physical Society of Japan.
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Fig. 20 (a) Overlap mode between radicals in BIP-TENO (23) with the
twofold axis of the black molecule. The dotted lines correspond to the
short contacts of O---N and O- - -O. (b) Crystal structure of 23 viewed along
the b axis. The oxygen and nitrogen atoms of the NO groups are
represented by solid ellipsoids. Thin lines correspond to the nearest-
neighbour contacts of O---N. (c) Magnetic model of 23. A circle and a
bond representan S = %and the exchange coupling, respectively Jrand J |
correspond to intermolecular exchange couplings and J; is the intermo-
lecular one. (d) Simplified model in the extreme limit J; — o0. Reproduced
with permission from ref. 73 and 74. Copyright 2001 The Physical Society
of Japan. Copyright 2002 Elsevier Science Ltd.

similar magnitude is expected between the corresponding radical
centers in BIP-TENO. The other through-bond pair interactions
(Fig. 20c) are expected to be AF of a smaller magnitude. In view of
the large FM interaction the BIP-BNO molecule can be regarded
in the temperature range of the measurements (below 300 K) as a
pair of AF coupled S = 1 spins. In both BIP-BNO and BIP-TENO,
the intermolecular contacts between the NO groups are respon-
sible for AF interactions along the legs of a ladder (/).

Due to the strong ferromagnetic interaction between the
spins in meta position, BIP-TENO was considered the first
experimental realization of a S = 1 AF spin-ladder, an interesting
condition that has been less studied than that for S = 1. In spite
of this, it is clear that for the limiting cases of /; =0 and J, =0,
Haldane and dimer states respectively are expected. At an
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intermediate situation, a gapless transition between the Haldane
and dimer systems is expected to occur.”®’” Due to the complexity
of the different exchange interactions the interpretation of data is
not trivial and in several aspects it still remains open to debate.

The magnetic susceptibility of 23 presents a broad maximum
around 67 K but upon cooling, before approaching zero, there is
a shoulder around 15 K, better seen in the logarithmic tem-
perature plot of T (inset Fig. 21b), suggesting the possible
existence of two gaps in the excitation spectra. The authors
analised the susceptibility data above 60 K considering either a
four § = spin model (Fig. 20c) or a simplified S = 1 two leg spin-
ladder model (Fig. 20d), both reproducing data fairly well.

The parameters obtained with the S = 1 ladder model
were J/kg = 50 K and J, = 42 K, while for the four spin model

§ T
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Fig. 21 (a) Magnetization curves of 22 in pulsed high magnetic fields for
1.6 (O) and 4.2 K (x). Solid and dotted curves represent the calculations for
1.6 and 4.2 K, respectively. Inset: Temperature dependence of the para-
magnetic susceptibility. Circles are observed data after the subtraction of
Curie defects (ca. 2%). Solid curve is the calculation. (b) Magnetization
curves of 23 in pulsed high magnetic fields. Solid and dotted curves
represent the calculations for 1.7 and 4.2 K, respectively. Inset: Tempera-
ture dependence of the paramagnetic susceptibility. Reproduced with
permission from 74. Copyright 2002 Elsevier Science Ltd.
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Jelks = 590 K, J'1/ksg = —65 K, and J'|/kg = —78 K.”* The
magnetisation of compounds 22 and 23 were also measured
at low temperatures under pulsed fields up to about 50 T.”* The
magnetization of 22 measured at 1.6 K (Fig. 21a) presents an
increase above 35 T indicative of a critical field of 38.8 T which
corresponds to a gap of 52 K in agreement with the values
estimated from the analysis of the temperature dependence of
the susceptibility.”* The magnetisation of 23 presents a non-
trivial behaviour. While below 9 T the magnetisation is almost
zero, indicative of a singlet ground state, upon increasing field
it presents a first increase corresponding to a critical field
B.; = 11.6 T and at higher fields reaching a plateau at B, =
44.8 T with value corresponding to 1 of the saturation. This
plateau was confirmed in measurements extended up to 70 T.”® Its
exact origin remains puzzling, but the plateau can be reproduced
by a more complex model considering third neighbour inter-
actions between the different spin centres.”*™"

3.5.3. Verdazyl based spin-ladders. Verdazyl radicals are
known for more than 5 decades but only recently started to be
structurally characterised as crystalline materials and explored
as components in magnetic materials. A diversity of interesting
magnetic properties have been recently reported in verdazyl
radicals,®® including spin-ladder behaviour in the series of
closely related halogen substituted verdazyl derivatives 3-Cl-4-F-
V (24),** 3-1-V (25) and 3-Br-4-F-V(26).*> A common distinctive
feature of these compounds as spin-ladders is the ferro-
magnetic nature of the rail interactions constituting the first
experimental realisations of a ladder with ferromagnetic legs, a
situation that from a theoretical point of view was previously
intensively discussed and well understood.®*™*

As compounds 24-26 are isomorphous, their study offers a
valuable opportunity to clearly put into evidence the effects of
significant magnetic interactions variations, induced by small
structural modifications upon substitution with different halogens
(F, Cl, Br and I) in several positions in the phenyl rings.

The structures of these salts as shown in Fig. 22a and b for
3-1-V (25), are monoclinic P2;/n and consist in pairs of regular
stacks along the a axis. In spite of the molecules not being
exactly planar, with phenyl rings being slightly rotated relatively
to the central verdazyl core, they stack along the a axis at short
intermolecular C---C distances d,;, d, and d; in the range
3.40-3.60 A. The stacks are paired by short C---C contacts
(d4 in Fig. 22b) between one of the unsubstituted phenyl rings
at distances in the range 3.67-3.75 A. Depending on the
substituents, differences in the geometrical parameters are
induced. The main variations are in the dihedral angle of the
substituted phenyl ring while changes in the overlap mode are
minor as shown in (Fig. 22d).5%

Molecular orbital calculations show that the central verdazyl
ring carries most of the spin density (63% in 24), while the
unsubstituted phenyl rings carry ~17% each and the ring
substituted with halogens carries only ~7%. The calculation of
the intermolecular magnetic interactions between pairs of neigh-
bouring molecules reveal two dominating ones corresponding, as
expected from the structure, to the intra- and interchain interactions,
evaluated as ferromagnetic and AF respectively with values
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3-Cl-4-F-V

3-Br-4-F-V

Fig. 22 Molecular arrangement of 3-1-V (25) viewed along the c (a) and a
axis (b). (c) Crystal structure of 3-Br-4-F-V (26) forming the spin ladder.
Solid and dashed lines stand for J,ung and Jieg, respectively. (d) Neighbouring
molecules along the leg direction viewed in the direction perpendicular to
the verdazyl rings. Hydrogen atoms are omitted for clarity. Broken circles
enclose halogens with relatively strong electrostatic repulsion. The arrows
indicate the directions of shifts in comparison to the molecular overlap for
3-Cl-4-F-V (24). Reproduced with permission from ref. 85 and 92. Copyright
2014 American Physical Society. Copyright 2014 The Physical Society of
Japan.

listed in Table 3. These values predict the formation of a § =1
two leg ladder with ferromagnetic leg interactions, with a
strong-leg character for 24, a strong-rung character for 26 and
a closer to ideal situation for 25.5%%

The temperature dependence of the magnetic susceptibility
(Fig. 23a) denotes for all compounds the existence of both
ferromagnetic and AF interactions. Using QMC simulations the
authors were able to fit the model of a § =1 two-leg spin-ladder
with ferromagnetic interactions to the experimental data with
the J;, and J, parameters listed also in Tables 1 and 3.%%
These parameters are in qualitative agreement with those based
on molecular orbital calculations, and were also able to repro-
duce fairly well the magnetization curves at 0.5 K (Fig. 22b),
showing an excitation gap of ca 4.5 T for 26 while for 24 and 25
the gap is almost vanished. The specific heath measurements
under zero magnetic field (Fig. 22¢) show clearly for 24 a A-type
anomaly indicative of a magnetic ordering transition at Ty =
1.1 K ascribed to interladder interactions, more efficient in
promoting a 3D ordering when the expected gap is small.

Due to the relatively small coupling constants in these
verdazyl derivatives the magnetization reaches saturation at
easily accessible magnetic fields, below 6 T in compounds 24
and 25 and at circa 9 T in 26 (Fig. 23b). Further studies at low

Table 3 Experimentally estimated and calculated magnetic parameters
and observed phase transition temperatures of compounds 24, 25 and
2684,85

ks (K ks (K
(il Jilks (K)  Jy/ke (K) Expected
Compound Est. Calc. Est. Calc. Est. Cale. gap (K) Tn (K)
24 0.55 0.57 7.3 4.7 -13.3 —-9.2 1.1 1.1
25 0.5 053 5.8 7.8 —11.6 —-9.4 0.5 1.4

26 1.5 1.75 12.5 84 —-83 —4.8 6.9 —

10586 | J. Mater. Chem. C, 2021, 9, 10573-10590

View Article Online

Journal of Materials Chemistry C

T rrr T OS50 T rreoT T Ty

a) 0.08 FT

0.07 [~

-
-~ -

wnun y=04 ]

— y=().5

.. y=07

0.06

8 2

10

0.38F T
-

-

0.05

2T (emu K/mol)

0.04

0.03 o N onf

(5] - I B B L

0.02

Susceptibility y (emu/mol)

0.01

000 = 1 L1 1 111 1 1 L1 3l 1 T
2 34567 | 23 4567 00 2 3
Temperature (K)
b) 1o
3 L 3-I-V
Zosk 05K
m 4
TN ..
£ 0.6 5 3-Br-4-F-V
Sos 051 ]
& i
0.0 1A
0 2 4 6 8 10 12
Magnetic Field (T)
T rrrrr T H
9 s i
o A7
_20 2 208 g
M * AAAAAA 3
EE pon” 3
=) AL o ]
= AABAEE ]
=10 A 59’55& 3
S 3-Cl-4-F-V, ]
0.5 M :
0.0 AR & L A ST
1.5 2.0 25

Temperature (K)

Fig. 23 (a) Temperature dependence of magnetic susceptibility (M/H) at
0.5T for 3-Cl-4-F-V (24), 3-1-V (25) and 3-Br-4-F-V (26). The upper and
lower insets show temperature dependence of yT. (b) Magnetization
curves of 24 at 0.1 K and 25 and 26 at 0.5 K. The solid lines for 24, 25
and 26 represent the calculated results for y = |Jrung/Jiegl = 0.5, 0.55, and
1.5, respectively. (c) Temperature dependence of specific heat at the zero
field for 24, 25 and 26. The arrows indicate phase transition temperatures.
Reproduced with permission from ref. 85. Copyright 2014 The Physical
Society of Japan.

temperatures down to the mK region and under magnetic
fields, using a combination of magnetization, susceptibility
and specific heat measurements, enabled to explore in detail
the magnetic field versus temperature phase diagram of these
compounds. These measurements reveal interesting phase
diagrams with a series of phases as shown in Fig. 24.
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For 24 the ground state is situated very close to the quantum
critical point, and successive field-induced phase transition
were found, possibly originated from the interplay of low
dimensionality and frustration.®*

In 25, exhibiting at low field a 3D order, it is observed an
additional nontrivial phase near the saturation field.”® The absence
of successive phase transition with decreasing temperature and
the anomalous behaviour of the magnetization curve near the
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Fig. 24 Magnetic field versus temperature phase diagrams of different
compounds: (a) 3-Cl-4-F-V (24), (b) 3-1-V (25) and (c) 3-Br-4-F-V (26).
Reproduced with permission from ref. 84, 92 and 93. Copyright 2013, 2015
and 2014 American Physical Society.
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saturation field suggest that these two phases are longitudinal
spin-density-wave and spin-multipolar orders, respectively.

In 26, characterised by a strong-rung regime, successive field
induced phase transitions are observed. NMR spectra suggest,
for the low and high temperature phases, a partial magnetic
order and incommensurate long range order respectively.®”

4. Conclusions and future prospects

The compounds that were described in this review illustrate how
developments in molecular chemistry combined with principles
of crystal engineering have allowed during the last two decades
the preparation of several new molecular spin-ladders, based on
different type of molecules and presenting a wide range of
magnetic interactions and spin values. Some of these systems
constituted the experimental realisation of situations previously
discussed only from a theoretical point of view, such as the S =1
ladders, and ladders with ferromagnetic rung interactions. The
preparation of these new systems made possible physical studies
of fundamental importance for the experimental testing of
theoretical models relevant for understanding the behaviour of
low dimensional quantum magnetic systems. The potential for
further development of new spin-ladders based on molecules is
large and still far from fully explored. In spite of difficulties
mainly associated with the difficulties in predicting and control
the crystal structures, further developments in this field of
molecular magnetic systems are expected in the future.

There are two important challenges that remain yet to be
successfully addressed in molecule based spin-ladder systems.
One is the realization of ladders with odd or with an increasing
and controlled number of legs. In principle, this can be
achieved either by controlling the coupling of a finite number
of chains, or by assembling in chains a finite number of linked
molecular spin centres. Another challenge is the hole doping of
spin-ladders, which is predicted to lead to superconductivity
and may open new perspectives for the development of super-
conducting materials. A proper strategy for hole doping in
molecular systems without disrupting the molecular structure
still needs to be developed. The possible doping of the ladders
in a field effect transistor structure, allowing a fine-tuning of
carrier concentration by control of the gate voltage, is an
attractive alternative that so far has not been successful.

Abbreviations

o-DT-TTF
[4/-CF5-BzPy]
[4'-CF;-BzPz]

Alpha-dithiophene-tetrathiafulvalene
1-N-(4'-trifluoromethylbenzyl)pyridinium
1-N-(4'-trifluoromethylbenzyl)pyrazinium

1D One dimensional

2D Two dimensional

3-Br-4-F-V 3-(3-bromo-4-fluorophenyl)-1,5-diphenyl-
verdazyl

3-Cl-4-F-V 3-(3-chloro-4-fluorophenyl)-1,5-diphenyl-
verdazyl

3-I-V 3-(3-iodophenyl)-1,5-diphenylverdazyl
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3D Three dimensional

AF Antiferromagnetic

BEDO Bis(ethylenedioxo)tetrathiafulvalene

BEDT-TTF Bis(ethylenedithio) tetrathiafulvalene

BIP-BNO 3,5’-bis(N-tert-butylaminoxyl)-3’,
5-dibromobiphenyl

BIP-TENO 3, 3',5,5-tetrakis(N-tert-butylaminoxyl)-
biphenyl

Cp Cyclopentadienyl

dmid 2-Oxo0-1,3-dithiole-4,5-dithiolate

dmit 2-Thioxo-1,3-dithiole-4,5-dithiolate

dsit 2-Thioxo-1,3-dithiole-4,5-diselenolate
DT-TTF Dithiophenetetrathiafulvalene

ETT-TTF Ethylenethiothiophenetetrathiafulvalene
F-Bu-bisdithiazolyl  8-Fluoro-4-butyl-4H-bis([1,2,3]dithiazolo)-
[4,5-b:5",4"-e]pyridin-2-y
8-Fluoro-4-hexyl-4H-bis([1,2,3]dithiazolo)-
[4,5-b:5',4"-e]pyridin-2-yl
8-Fluoro-4-pentyl-4H-bis([1,2,3]dithiazolo)-
[4,5-b:5' 4"-e]pyridin-2-yl

F-Hx-bisdithiazolyl

F-Pn-bisdithiazolyl

HOMO Highest occupied molecular orbital

HMPD m-Aminoanilinium

NMR Nuclear magnetic resonance

mnt Maleonitriledithiolate

p-EPYNN p-N-Ethylpyridinium o-nitronyl nitroxide

p-NPNN p-Nitrophenyl o-nitronyl nitroxide

QMC Quantum Monte Carlo

SOMO Single occupied molecular orbitals

TCNQF, Tetrafluorotetracyanoquinodimethane

TTDM-TTF Thiophenothiodimethylene-
tetrathiafulvalene

u'SR Muon spin resonance
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